The aim of this paper is to present advanced modelling techniques for dynamic analysis of steel railway bridges. Finite element analyses of a case study skew bridge are carried out and the results are compared with available field measurements. Initially, eigenvalue analyses of different models are carried out in order to obtain the fundamental mode shapes and bridge frequencies and to assess the capability of each model to capture the dynamic behaviour of the bridge. Single-span, three-span and full bridge models are investigated with different elements such as shell, beam and combinations of these. A very good agreement between the fundamental dynamic properties of the bridge and empirical results is found. Following the eigenvalue analyses, time history dynamic analyses are carried out using the full bridge model. The analyses are carried out for different train speeds and the strain histories are compared with available field measurements. In terms of fatigue assessment, the mean stress range values obtained from the strain histories at selected locations on the bridge members are also compared to each other. The results show that a full bridge model using a combination of beam and shell elements is a reasonably accurate and computationally efficient way of capturing the dynamic behaviour of a bridge and estimating the mean stress range for fatigue damage calculations.
Introduction
Dynamic analysis of railway bridges has received considerable attention during the last few decades. This can be attributed to the considerable development the finite element (FE) method and the increase in the capabilities of computers. Static analyses of bridges can be easily carried out using the FE method. However, dynamic analyses are much more demanding and, therefore, optimum models which are capable of capturing dynamic behaviour reasonably well and with time efficiency need to be developed.
Dynamic effects on a bridge can have an effect on the ultimate limit state behaviour of the bridge by amplifying the maximum stresses experienced by different members. During design, dynamic amplification factors are usually employed in order to take into account dynamic effects and amplify the statically-calculated stresses. In many cases, these factors may be over-conservative. On the other hand, dynamic effects may also have an impact on the fatigue behaviour of a member or connection by increasing the stress ranges and number of stress cycles experienced by them. Since fatigue behaviour is very sensitive to applied stresses, an accurate estimation of the dynamic stresses in a bridge is fundamental towards its fatigue assessment.
A number of past studies have attempted to quantify the dynamic impact caused by trains on railway bridges [1] [2] [3] motor vehicles on highway bridges [4] [5] [6] . The dynamic effect induced by the moving vehicle is considered by multiplying the static load with the Dynamic Load Factor (DLF), where DLF = 1 + Dynamic Load Allowance (DLA). The DLF has to be evaluated by a probabilistic approach rather than considering it as a deterministic value. The importance of the factors affecting the DLA for highway bridges has been highlighted and an equation for calculating the DLA has been presented in [4] [5] [6] . In [2], the dynamic stresses were used to estimate the remaining fatigue life of different elements on a railway truss bridge. A number of other investigators have attempted to calibrate their finite element model of the bridge with field measurements [7] [8] [9] . In [7] , eigenvalue analysis of a truss bridge was carried out to determine its fundamental mode shapes, and the results obtained from dynamic analyses under the passage of a locomotive were compared with field measurements. The calibrated model was then used to assess the capacity of the bridge.
The majority of the dynamic studies on railway bridges have employed finite element models using beam/frame elements which may be sufficient for the prediction of the overall behaviour of bridges. However, beam/frame elements are not capable of capturing local connection behaviour and out-of-plane movements and distortions of girders which may be critical in the case of plate girder bridges. The out-of-plane distortions may induce secondary stresses in welded plate girder skew bridges, which may lead to fatigue damage [10] [11] [12] .
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